S-wave velocity can be directly correlated to material stiffness and lithology making it a valuable physical property that has found uses in construction, engineering, and environmental projects. This study compares different methods for measuring S-wave velocities, investigating and identifying the differences among the methods' results, and prioritizing the different methods for optimal S-wave use at the U. S. Army's Yuma Proving Grounds (YPG). Multichannel Analysis of Surface Waves (MASW) and S-wave tomography were used to generate S-wave velocity profiles. Each method has advantages and disadvantages. A strong signal-to-noise ratio at the study site gives the MASW method promising resolution. S-wave first arrivals are picked on impulsive sledgehammer data which were then used for the tomography process. Three-component downhole seismic data were collected in-line with a locking geophone, providing ground truth to compare the data and to draw conclusions about the validity of each data set. Results from these S-wave measurement techniques are compared with borehole seismic data and with lithology data from continuous samples to help ascertain the accuracy, and therefore applicability, of each method. This study helps to select the best methods for obtaining S-wave velocities for media much like those found in unconsolidated sediments at YPG.
Introduction
Over the past 20 years, information gleaned from shallow seismic S-wave velocities has become more valuable for use ranging from environmental to civil engineering projects, and a variety of geophysical techniques have been developed to make the measurements. Each method has its strengths and weaknesses in certain geologic settings. The purpose of this research is to determine the most useful method for determining S-wave velocities in the near surface of the Yuma Proving Grounds, Arizona. The S-wave velocity changes in the area of interest are too gradational to produce useable reflections, so alternatives to the S-wave reflection method are tested against each other. 
Geologic Setting
The YPG is located near the Tank Mountains in southwestern Arizona. These mountains are granitic intrusions that are likely sources for the sediments investigated in this study (Ferguson et al., 1994) . The survey was conducted on an alluvial terrace adjacent to alluvial fan deposits. Minimal topographic relief at the site coupled with the lack of urban noise provided excellent conditions for data acquisition. This site was selected because of the large amount of unconsolidated sediment above the bedrock that can provide a reference for selecting appropriate methods for sites with similar geology. A total of 6 lines of data were collected, but only data from lines 2 and 3 are discussed here.
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Methods
Multichannel Analysis of Surface Waves
In recent years, MASW has become the preferred method for characterizing near-surface S-wave velocities. The method is robust, and benefits from a generally large signal to noise ratio because most of the energy imparted into the subsurface by a seismic source is propagated through surface waves. The MASW method samples the wave field at many offsets, further improving the signal to noise ratio of the Rayleigh wave, which has retrograde elliptical particle motion that is constrained to propagate near the surface. Though confined to the shallow subsurface, longer wavelength components sample greater depths than shorter wavelengths (Babuska and Cara, 1991) . Typically velocities change with depth, making the Rayleigh wave dispersive. The wavelength-dependent velocities of the surface wave are determined and the data are transformed into velocityfrequency space to create an overtone image. From this image, dispersion curves are picked either automatically or manually. The dispersion curves of the Rayleigh-wave phase velocities can then be inverted to solve for shearwave velocities (Xia et al., 1999) .
These data were collected with vertical geophones in a fixed spread ( Figure 2 ). To optimize dispersion-curve quality, only a select number of channels were used to sample the surface wave in an attempt to minimize highermode interference and near-field source effects while balancing frequency content and resolution in the phasevelocity domain for each dispersion curve (Ivanov et al., 2008) (Figure 3 ). Testing revealed that a 80-376 ft offset window that moves with the source reduced the lower frequencies of the dominant higher mode while maintaining frequency content of the fundamental mode ( Figure 4 ). This provides more confidence in interpreting higherfrequency portions of the fundamental mode resulting in more reliable shallow S-wave velocity-inversion results. Without the windowing, the higher mode dominates leaving only 15 Hz bandwidth of interpretable fundamental mode. In a typical geologic setting where the velocity increases with depth, lower frequencies of the Rayleigh-wave dispersion curve propagate with higher phase velocities. The dispersion curve displayed in figure 5 has a local maximum at 15 Hz and a local minimum at 10 Hz. This characteristic of the dispersion curve is present in almost all of the offset windows applied during testing and suggests a velocity inversion with depth. Figure 5 shows the inversion results for the dispersion curve displayed in figure 4. MASW uses data from a single shot gather with multiple offsets to create a single onedimensional vertical S-wave velocity profile. This vertical profile is then placed at the midpoint between the source and the end of the spread. Velocities between these onedimensional vertical S-wave profiles are then interpolated to create a velocity profile such as is shown in figure 6 .
Near-surface shear-wave velocity measurements in unlithified sediment
The results of the MASW processing are displayed in figure 6. The dominant higher mode seen in the overtone images may be attributed to a steep velocity gradient directly overlying a low-velocity layer (O'Niell and Matsuoka, 2005) .
Shear-Wave Tomography
The primary reason S-wave refraction tomography was used in this instance is that diving-wave tomography can be used in a geologic setting where impedance contrasts in the subsurface are not strong enough to produce useable reflections. A walkaway S-wave survey was conducted and no reflections in the upper 150 ft were visible.
With up to 800 ft of receiver offset, the depth of investigation can be as much as 200 ft, assuming that the depth of investigation is approximately one quarter of the spread length. Figure 7 . This is an example of a S-wave shot gather from line 3 used to pick first arrivals. A 50 Hz high cut filter was applied to improve the quality of first arrival picks at longer offsets. Figure 6 . The shear-wave velocity profiles generated by for lines 2 and 3. Note the low velocity layer at 80-120 ft.
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Shear-wave surveys were conducted along lines 2 and 3 with the same geophone spacing as the MASW survey using 14.5 Hz horizontal geophones. The source was a sledgehammer striking a shear block perpendicular to the line. Shots were taken at 96 ft intervals. The quality of first arrivals on these data was high enough to pick first arrivals confidently throughout most of the spread without stacking (Figure 7) .
One of the most commonly used methods to reduce nonuniqueness in tomographic inversion is to apply a priori information when constructing the initial models. In this example, previous work suggested that a linear velocity gradient would be reasonable initial model. This model provides adequate ray density within the depth of interest (Stewart, 1990) . The tomography converges on a solution with little difficulty (Figure 8 ). However, these results do not match the MASW results. If there is a low velocity layer (LVL) as the MASW results suggest, the body waves analyzed using tomography will avoid sampling it. Figure 8 . The shear-wave tomography results are very different from the MASW results ( Figure 6 ). This is an example of tomography using a vertical velocity gradient as an initial model.
Downhole Seismic
Surface seismic methods are excellent alternatives to avoiding the expense of drilling a borehole. When a borehole is present, however, first arrivals from a downhole survey can be used to validate the surface seismic methods. Data collected from a borehole in-line with line 3 is shown in figure  9 . These data were collected with a three-component downhole locking geophone with a sledgehammer and shear block source. The gathers shown in figure 9 were created from the vertical component and two horizontal components of the downhole geophone. S-wave first arrivals at depth are easily recognized, and have been confirmed by striking both sides of the shear-block to reverse the polarity of the source wavelet. Picking the shallower first arrivals becomes more difficult, which makes determining true interval velocities difficult, although a general trend can still be interpreted. Fortunately, P-wave first arrivals appear quite clearly on the vertical geophone data. A change in slope of the first-arrivals is visible on the raw data (marked by a red arrow), indicating a low-velocity layer is present in the upper 100 ft of unconsolidated sediment.
Conclusions
Of the two methods compared, MASW and Shear-Wave Tomography, MASW is the best method for determining Swave velocities in the upper 150 ft of unconsolidated sediment at the YPG. Both methods are useful alternatives to determining shallow S-wave velocities without using the reflection method, and both methods fare poorly in the presence of a low velocity layer. Previous studies, however, have shown that MASW can detect a S-wave velocity inversion (Donohue and Long, 2008) while tomography cannot, even with optimum source-receiver positions (Kanli, 2008) .
